1. While the original all-iron compound is reported to be antiferromagnetic, the inclusion of substitutional vanadium(III) ions renders the structure ferrimagnetic. Diffraction studies and magnetic characterization show that iron and vanadium are disordered throughout the crystallographic sites. The magnetic behaviour of this system was interpreted in terms of a classic ferrimagnetic mean field model, consisting of two antiferromagnetically coupled non-crystallographic ''sublattices''.
Introduction
The ability to control the spin state at the atomic or molecular level can provide important technological breakthroughs in areas such as data storage, quantum computing or advanced magnetoelectric sensors [1] . Although the occurrence of spontaneous magnetization is highly desirable for technological applications, the dominant magnetic interaction in most systems is antiferromagnetic. Two common strategies to tune the magnetization at the nanolevel are the synthesis of monodisperse magnetic nanoparticles [2] and molecular magnets [3] . In magnetic nanoparticles it is possible to take advantage of the uncompensated surface spins, which can be a considerable contribution if the particle is small enough, or induce the ferrimagnetism either by mixing two metals with different spins or by tuning the oxidation state of the magnetic centre (e.g. defect-induced ferromagnetism in LaMnO 3+d [4] ). The same principle can be applied in antiferromagnetic clusters: a spontaneous magnetization can be induced by mixing different metals with different spins within the clusters.
Most of the research on low-dimensional magnetic systems, particularly zero-dimensional clusters, has been based on coordination polymers and hybrid organic-inorganic complexes [5] , because of their synthetic tunability and also because they preserve their low-dimensional character even at low temperatures. However, such systems usually show poor heat and chemical resistance, preventing their integration in more complex systems. On the other hand, inorganic systems, oxides in particular, show enhanced thermal and chemical stability when compared to their organic counterparts, while usually having a much stronger magnetic exchange.
Metal phosphates are a rich class of inorganic compounds which usually consist of corner-or edge-sharing octahedra (MO 6 , M ¼ transition metal) sharing corners with tetrahedral PO 4 units. These octahedral units can form different types of metal clusters: dimers [6], trimers [7] , tetramers [8] , etc. From the magnetic point of view, iron phosphates have been studied in some detail [9, 10] . In almost all instances these compounds show antiferromagnetic interactions with a high degree of frustration arising from complex topologies and competing magnetic exchange terms.
Leucophosphite is an iron phosphate mineral, first found in 1932 [11] , and the structure described by Moore [12] and later further elucidated by the Rietveld refinement of powder neutron diffraction [13] . It is isostructural with tinsleyite, its aluminium analogue, and spheniscidite [14] , an ammonium-containing iron aluminium phosphate. The most notable structural feature of leucophosphite is its ''butterfly cluster:'' a Fe 4 O 20 tetramer consisting of two edge-sharing octahedra (body) with two adjoining octahedra connected to the shared edge (wings) as shown in Fig. 1 (left) . This tetramer complex can be seen as a distortion of the more common cubane tetramer (see Fig. 1 (right) ).
This ''butterfly cluster'' unit is also observed in other metal phosphates and even in some metal-organic compounds [15] . The magnetic behaviour of this butterfly unit has been investigated in detail both in the phosphate form [10] and in the metal-organic clusters [16] . A representation of the magnetic topology of the butterfly cluster is shown in Fig. 2 . Note that further inter-cluster interactions may be present through PO 4 tetrahedra, but these are invariably smaller and only significant at low temperatures.
Following our recent study of metal phosphates [17] , ferrimagnetism was induced here in a synthetic mixed metal phosphate (V 3+ and Fe 3+ ), analogous to leucophosphite. Its magnetic properties were measured and accounted for from structural and chemical data.
Experimental

Techniques
FT-IR spectra were collected from KBr pellets (Aldrich 99%+, FT-IR grade) on a Mattson 7000 FT-IR spectrometer. Thermogravimetric analyses (TGA) were carried out using a Shimadzu TGA 50, with a heating rate of 5 1C/min in air, from room temperature to 1000 1C.
Scanning electron microscopy (SEM) and energy-dispersive analysis of X-rays spectroscopy (EDS) were performed using a Hitachi S-4100 field emission gun instrument at 25 kV.
Measurements of the magnetic susceptibilities of the powdered sample were performed at various temperatures, from 4.5 to 300 K, using a Quantum Design Superconducting Quantum Interference Device (SQUID) magnetometer MPMS at the University of Porto (Portugal). This mixture was transferred to the reaction vessel and then placed inside an oven at 180 1C. The reaction proceeded for 3 days before the reaction vessel was allowed to cool in air to ambient temperature. The contents of the reaction vessel consisted of a large quantity of dark-brown prismatic crystals, whose composition was determined by single-crystal X-ray diffraction to be H 5 FeVKO 11 P 2 , and a small quantity of an unidentified powder impurity. The two phases were readily separated using ultra-sound (for 15 min), followed by filtration and washing with copious amounts of distilled water. The title compound proved to be air-and light-stable, and insoluble in water and in organic solvents.
TGA data showing weight losses can be divided into the following steps: 103-494 1C, À10.44%; 592-744 1C, +1.21%, while from above 744 to 1000 1C there is no further weight loss. Selected IR (in cm À1 ) data: 3444vs; 3316vs; 2365w; 1668m; 1157m(sh); 1074vs; 985vs; 879m(sh); 644m; 620m; 583m; 544m; 427s.
Single-crystal X-ray diffraction
mounted on a glass fibre using Araldite Rapide [18] , and positioned 60 mm from a KM4CCD/sapphire charge-coupled device (CCD) area detector. X-ray diffraction data were collected in the o scanning mode at 293(2) K on a KUMA4CCD diffractometer equipped with a MoKa graphite-monochromated radiation source (l ¼ 0.7107 Å ) and controlled by the CrysAlis CCD software package [19] . Data were corrected for the Lorentzian and polarization effects, and were reduced using the CrysAlis RED software routines [20] . The structure was solved using the Patterson synthesis algorithm implemented in SHELXS-97 [21] , which allowed the immediate location of all heavy atoms, particularly Fe, V and K. The remaining non-hydrogen atoms were located from difference Fourier maps calculated from successive full-matrix least-squares refinement cycles on F 2 using SHELXL-97 [22] . All non-hydrogen atoms were successfully refined using anisotropic displacement parameters. The initial assumption of two crystallographically independent sites, each attributed to only one of the two transition metal centres (whose presence was previously unequivocally identified from EDS measurements), resulted in a rather poor structural refinement overall. It was then assumed that each crystallographic site was partially occupied instead simultaneously by vanadium and iron, and the least-squares refinement proceeded by constraining each pair of metallic centres to occupy the same crystallographic position and to share the same anisotropic displacement parameters. Unrestrained refinement for the site occupancies converged for an approximate ratio of 1:1 for the two crystallographic sites. The occupancy was ultimately fixed at 50% for each metallic centre before the last full-matrix least-squares refinement cycles.
ARTICLE IN PRESS
Hydrogen atoms associated with the coordinated [O(1W)] and uncoordinated [O(2W)] water molecules were markedly visible from difference Fourier maps calculated from successive leastsquares refinement cycles. The atomic positions for these atoms were ultimately included in the final structural model with the O-H and H?H distances restrained to 0.84(1) and 1.37(1) Å , respectively, to ensure a chemically reasonable geometry for these molecules. The hydrogen atom belonging to the m 3 -bridging hydroxyl group was also directly located from Fourier difference maps, and was refined with the O-H distance restrained to 0.95(1) Å in subsequent least-squares refinements. All hydrogen atoms were refined using a riding model with an isotropic displacement parameter fixed at 1.5 times U eq of the oxygen atom to which they are attached.
The last difference Fourier map synthesis showed the highest peak (0.736 e Å À3 ) located 0.18 Å from V(1), and the deepest hole (À0.683 e Å À3 ) 0.74 Å from P(1). Crystallographic information (excluding structure factors) can be obtained free of charge from Fachinformationszentrum Karlsruhe, 76344, Eggenstein-Leopoldshafen, Germany (e-mail: crysdata@fiz-karlsruhe.de), on quoting the depository number CSD 418219.
Results and discussion
General description
The title compound was prepared by hydrothermal reaction at 180 1C in the presence of piperazine, which acted as a pH mediator (pH42) [11] . The same reaction, without adding piperazine to the starting material, was carried out under the same conditions (180 1C for 3 days) and the final product was an unidentified phase of a black powder (powder XRD analysis), showing that piperazine is a necessary reactant to obtain the title compound. The SEM image (Fig. 3) clearly shows the octahedral habit of an individual single crystal. Chemical analysis through EDS yields the metal ratio K:V:Fe:P ¼ 1.0:1.1:1.0:1.7, very similar to the expected (K:V:Fe:P ¼ 1:1:1:2) expressed in the formula of K[(FeV)(PO 4 ) 2 (OH)(H 2 O)] Á H 2 O. The experimental powder XRD spectrum of the compound and that simulated from the singlecrystal structural data are in good agreement, although a very small impurity peak at 201 (2y) is present (noted as * in Fig. 4) , commonly found among minerals chemically analogous to leucophosphite and in a number of framework-type phosphates [23] [24] [25] [26] . The four metallic centres composing this tetra-nuclear anionic cluster are located on the same plane, while the two m 3 -O atoms lying ca. 0.57 Å above and below that plane have a deviation angle of about 28.31 (see Appendix A) crystallographic directions) housing chargebalancing cations and water molecules of crystallization.
Magnetism
The magnetic susceptibility of the compound was measured from 300 to 4.5 K in a field of 100 Oe. The linearity at high temperature of the inverse susceptibility plot indicates the absence of a significant w 0 term in the overall data. The strongly negative antiferromagnetic character of the magnetic interaction can be inferred by the extrapolation of a linear regression of the high-temperature data that intercepts the temperature axis at ARTICLE IN PRESS . Schematic representation of the octahedral {MO 6 } coordination environments for the two crystallographically independent metallic centres, M(1) and M(2), showing the labelling scheme for all atoms. Thermal ellipsoids are drawn at the 30% probability level. For selected bond lengths and angles see Appendix A. Symmetry transformations used to generate equivalent atoms: (i) x, Ày+3/2, zÀ1/2; (ii) Àx+1, Ày+2, Àz+2; and (iii) Àx+2, yÀ1/2, Àz+5/2. 
y ¼ À125 K, a value in the range observed for other iron phosphates [10] (Figs. 8 and 9 ). The effective spin for the sample calculated from a hightemperature Curie-Weiss law is 4.83 m B . This value is in good agreement with the expected,
assuming two magnetic ions per mole of compound: one Fe 3+ (S ¼ 5/2) and one V 3+ (S ¼ 1). The observed increase in the susceptibility at lower temperatures is not consistent with a simple antiferromagnetic order, and indicates that this compound shows ferrimagnetism, which is frequently observed in bimetallic compounds with different S. The simple mean field model which describes the ferrimagnetism of two interpenetrating lattices is described by Eq. (1). Here C is the Curie constant and the temperatures y P and y are the asymptotes that limit the inverse susceptibility plot. Temperature y is the low-temperature divergence of the system and can be interpreted as the ferrimagnetic ordering temperature of the system
This model assumes two interpenetrating networks (A and B), with W the molecular field coefficient between A and B, while within each network the interactions are described by the coefficients W AA ¼ aW and W BB ¼ bW, usually both a and b are less than 1. From Eq. (1), Eq. (2) [27] is obtained, which permits determination of the contribution of each network to the overall susceptibility of the system. The total Curie constant of the system, C, is the sum of the Curie constants of networks A and B,
In this compound there is inherent atomic disorder between Fe and V, therefore each network does not correspond to a crystallographic sublattice, but to the set of Fe ions (with interaction W Fe ) and V ions (with interaction W V ) randomly distributed throughout the metal sites.
The results of fitting the data are shown in Table 2 . To limit the number of free parameters both C Fe and C V were fixed for atomic proportions 1:1. The iron and vanadium sublattice interaction parameters are respectively a(Fe) ¼ W/W Fe and
While a low value of y is expected, since the structural complexity in all known iron phosphates is known to cause a large degree of magnetic frustration (T N /y P oo1), and the inherent disorder enhances this effect, an unusual aspect of these fits is that yo0, which corresponds to a negative ferrimagnetic ordering temperature. From Eqs. (1) and (2) an analytical expression for y can be obtained:
From the inspection of this equation it can be seen that a negative asymptote (yo0) can arise if one of the networks has a stronger antiferromagnetic interaction than the inter-network interaction, i.e. 04W4W AA (or W BB ), therefore 2+a+bo0. In fact, in the present situation not only |W Fe |42, meaning that the Fe-Fe interaction is stronger than Fe-V, but both W Fe and W V are antiferromagnetic. Although in most reported cases the intranetwork interaction is ferromagnetic, antiferromagnetic interaction between all the lattices can be observed in other ferrimagnets, for instance in some garnets and spinels [28] . It should be noted, however, that in those examples, the sign of the interaction is related to the site distribution in the structure (note that the Fe ion can have multiple oxidation states, and therefore different S values), while in this compound the disorder definitely plays a role. The importance of the type of cation involved in the interaction is evidenced by the fact that |W Fe-Fe |4 |W Fe-V |4|W V-V |, which is expected considering that the Fe 3+ has half-filled e g orbitals (5d-electrons), which are more extended than the V 3+ t 2g orbitals and therefore increase the magnetic exchange across the iron sub-network.
Conclusion
In summary, the compound K[(FeV)(PO 4 ) 2 (OH)(H 2 O)] Á H 2 O was synthesized and its magnetic behaviour characterized. The susceptibility data are consistent with a frustrated ferrimagnet. The application of a localized magnetic moment mean field model converges on a negative ferrimagnetic Né el temperature. This anomaly is explained if all (inter-and intra-network) interactions are antiferromagnetic, and is in agreement with the crystal chemistry of the compound. This compound is the first example of an iron phosphate of type K[Fe 2 (PO 4 preparation of further materials with partial replacement of ferric ions by other transition metals is in progress. 
